Phenotypic plasticity can help organisms cope with variation in their current environment, including temperature variation, but not all environments are equally variable. In the least variable or extreme environments, plasticity may no longer be used. In this case, the plasticity could be lost altogether, or it could persist with either the same or an altered reaction norm, depending on factors such as the plasticity's costs. In the pipevine swallowtail caterpillar (Battus philenor), I tested for changes in two forms of heat-avoidance plasticity, colour change and refuge-seeking behaviour, across the species' range in the United states, including the cooler eastern parts of its range where colour change has not been observed and is unlikely to be needed. I found that both heat-avoidance behaviour and colour change persisted in all surveyed populations. Indeed, the reaction norm for colour change remained nearly unaltered, whereas the threshold for refuge-seeking only changed slightly across populations. These results suggest that the costs of these plastic traits are low enough for them to be maintained by whatever minimal gene flow the population receives. I show that plasticity can be maintained unaltered in populations where it is not used and discuss the potential consequences of this persistence for both the ecology and evolution of plasticity.
Introduction
Temperature is a critical aspect of any organism's environment, affecting processes at virtually all levels of biological organization, from biochemistry and metabolism to life history and population dynamics (Kingsolver, 2009 ). At the same time, temperature varies extensively across nearly all temporal and spatial scales (Kingsolver, 2009) , from within hours to across decades and from opposite sides of a rock to opposite sides of the planet. Changes in a wide variety of traits, from physiology to morphology to behaviour, can help organisms regulate their temperature in the face of this variation (Stevenson, 1985; Kingsolver & Huey, 1998; Angiletta, 2009) . Although over long time periods and distances this phenotypic variation may be genetically fixed, adaptive phenotypic plasticity provides an important way for organisms to deal with temperature variation, especially on shorter time scales and smaller spatial scales.
Temperature, however, is not equally variable in all places or times. This variation in temperature variation may change the importance of thermoregulatory plasticity for an organism's fitness, and over large spatial or temporal scales result in evolutionary changes in the plasticity itself. In particular, reduced environmental variation can create conditions where the full range of a plastic response is neither used nor needed. At the extreme, plasticity may not be needed at all, a case which is particularly likely for polyphenisms. A polyphenism is a type of phenotypic plasticity in which two or more distinct alternative phenotypes ('morphs') are produced under different conditions (Nijhout, 2003) . Because polyphenisms are characterized by relatively discrete phenotypes rather than continuous change in the phenotype, it is quite possible to have conditions under which the environmental threshold to change between morphs is never crossed and thus only a single phenotype is ever produced. Whether plasticity in a trait is used will also depend on the availability of alternative plastic responses in other traits. Organisms often can respond to an environmental change, such as an increase in temperature, with plastic changes in a variety of traits (Schlicting, 1989; Relyea, 2004; Foster et al., 2015) . Depending on the interactions among these different plastic responses and the environment, a change in one plastic trait can reduce the need for change in another (e.g. Nielsen & Papaj, 2017) .
What happens, however, to this thermoregulatory plasticity when it is no longer needed? The evolutionary fate of unused plasticity has been the subject of considerable discussion (Crispo, 2007; Pfennig et al., 2010) , which has identified multiple factors that should influence the answer to this question. There may be selection against the plasticity if it is costly. Plasticity is costly when an organism which produces a phenotype plastically has lower fitness than an organism that produces the same phenotype constitutively (DeWitt et al., 1998) . Maintenance costs -which reduce the fitness of plastic genotypes regardless of whether plastic changes occur -are particularly likely to generate selection against unused plasticity (also known as global costs, DeWitt et al., 1998; Auld et al., 2010) . If plasticity is costly, although it may be advantageous as an immediate response to a new environment, it will then be reduced over longer time periods in a less variable environment and the trait's expression will become fixed at the new value, a process called genetic assimilation (Waddington, 1953; Crispo, 2007; Lande, 2009; Pfennig et al., 2010) . For example, tiger snakes (Notechis scutatus) have ancestral plasticity for jaw size depending on diet, but in island populations, where only large jaws are needed, this phenotype has become fixed due to a cost of plasticity, the increased development time required to plastically produce large jaws (Aubret & Shine, 2009 . Even if the plasticity is not entirely lost, selection to reduce or avoid these costs may change the shape of the reaction norm -a function relating a trait's expression to the state of the environment (Scheiner, 1993 ) -reducing either the degree of plasticity or the range of conditions under which it is expressed. Alternatively, if plasticity has minimal cost, there will be little or no selection against it. The fate of plasticity will also depend on additional factors such as the amount of gene flow between populations (Crispo, 2008) . Gene flow can counteract local adaptation in traits, plastic or otherwise, and may be particularly important for the maintenance of plasticity (Sultan & Spencer, 2002; Crispo, 2008) .
We can assess the fate of unused thermoregulatory plasticity by testing for the local adaptation of plastic traits, particularly changes in the shape of their reaction norms, between populations in which plasticity is currently used and populations in which it is not. These cases should be particularly common for polyphenisms. For example, in the butterfly family Pieridae, many polyvoltine species have seasonal polyphenisms which help regulate temperature, but these species can also have univoltine populations which, of necessity, only display one seasonal morph (Shapiro, 1976) . In two of these species, Pontia occidentalis and Pieris napi, at least some of these univoltine populations nevertheless, retain the capability to produce multiple forms under laboratory conditions (Shapiro, 1974 (Shapiro, , 1975a . By determining whether thermoregulatory plasticity persists in populations where it is not needed, and as importantly by further characterizing any differences between populations in the shape of the reaction norm, we can assess the evolutionary fate of unused plasticity.
Although thermoregulatory plasticity is ubiquitous, the caterpillar of Battus philenor L. (pipevine swallowtail) provides an ideal animal in which to test for changes in unused plastic traits. In the south-western USA, specifically Texas and Arizona, B. philenor caterpillars avoid overheating using two distinct plastic traits, colour change and refuge-seeking behaviour. Two body colour morphs occur depending on developmental temperature, red at warm ambient temperatures (about 36°C or above) and black at cooler temperatures (both with small orange spots); caterpillars can change between them each time they moult (Nice & Fordyce, 2006; Nielsen & Papaj, 2017) . Because the red individuals absorb less solar radiation, they warm more slowly and reach lower asymptotic body temperatures than black caterpillars (Nice & Fordyce, 2006) . In terms of behaviour, caterpillars seek cooler locations if they become too hot. In the south-western United States, these thermal refuges are typically found high on nonhost vegetation where air temperature is cooler and are sought on a near daily basis during summer (Nice & Fordyce, 2006; Nielsen & Papaj, 2015) .
Prior to this study, colour change and refuge-seeking behaviour in B. philenor had only been studied in Texas, Arizona and California (Nice & Fordyce, 2006; Nielsen & Papaj, 2015 , 2017 ; however, the species range extends further north into much cooler habitats in the eastern USA, including the Appalachian Mountains of West Virginia and Maryland (Fig. 1) . In these parts of the species range, only the black morph has been reported from the wild (D. Papaj, B. Helm, W. Hazel and J. Fordyce, pers. comm.) . The warming effect of black coloration should be particularly important in these cooler regions, because low temperatures slow and even immobilize B. philenor larvae, reducing growth at best and potentially killing them (Fordyce & Shapiro, 2003) . At the same time, caterpillar hosts in these regions are found predominantly in shaded forests, which should further lower caterpillars' temperatures while also reducing the importance of colour for determining their temperature. Given the relatively high threshold to produce the red form, the observation of only the black form is not surprising; however, it remains untested whether this difference is because the plasticity of colour has been lost or simply is not used.
Colour plasticity is likely the ancestral state for B. philenor. The genus is otherwise neotropical, including B. philenor's sister lineages (Racheli & Oliverio, 1993; Silva-Brandão et al., 2005) , and likely spreads north to its current distribution from South America (Condamine et al., 2012) . Based on mitochondrial data, B. philenor itself most likely expanded to its current range from populations in the southern USA within the last two million years (Fordyce & Nice, 2003) . Whether colour plasticity exists in B. philenor's sister species is unknown; however, because this species spread north from regions where colour change would be useful, the most likely direction of change in plasticity (if there is any) would be for its reduction or loss rather than its gain.
As with colour change, thermoregulatory behaviour of B. philenor caterpillars has been mainly studied in the south-west USA, where its host plants, such as Aristolochia watsonii, often grow in hot microclimates and have a short or low-lying herbaceous growth form which forces the caterpillars to leave them to thermoregulate (Nice & Fordyce, 2006; Nielsen & Papaj, 2015) . Leaving the host is costly because it reduces the opportunity to feed and increases the risk of failing to get back to a host (Rausher, 1979) . Across its range, B. philenor uses a variety of different hosts in the genus Aristolochia which have a wide variety of growth forms. In particular, the primary host in the Appalachian Mountains, among the coolest parts of the B. philenor's range, is Aristolochia macrophylla, a tall, tree-climbing vine (Papaj, 1986) . Because of its height, this plant should provide a greater variety of easily accessed thermal microclimates, reducing the need to leave the host and thus alleviating a major cost of thermoregulatory behaviour on procumbent hosts. As such, if heat-avoidance behaviour persists across the species range, it may even occur at a lower temperature threshold than in south-western populations. Additionally, because the main benefit of colour change is to reduce the need to leave the host (Nielsen & Papaj, 2017) , the varied microclimates already available on tall host plants should also reduce the need to leave the host, independently of colour, further lowering the importance of colour change in these regions.
These conditions all suggest that colour change is neither needed nor used in eastern populations; thus, I predicted that it would be lost or at least diminished in these locations. Thermoregulatory behaviour, on the other hand, may still be useful across the species range; thus, I predicted that heat-avoidance behaviour would be seen in all populations, and might even occur at a lower temperature threshold in eastern populations because of the behaviour's potentially lower costs.
I performed a common garden experiment to test whether plasticity of body colour and refuge-seeking behaviour persist across the range of B. philenor in the United States and whether the reaction norms for these traits have changed. I collected wild butterflies from sites across the range of B. philenor and reared their offspring in the laboratory under a range of temperatures spanning those at which the colour change has been observed in south-western populations. I also tested the thermoregulatory behaviour of caterpillars to determine whether heat-avoidance behaviour occurs in all populations and, if so, whether the temperature threshold for heat avoidance varies across this same range.
Materials and methods

Field sites
To study local adaptation in both colour plasticity and thermoregulatory behaviour of Battus philenor, I collected butterflies from 10 locations across 2 years, Fig. 1 Map of Battus philenor's range in the United States (modified from Glassberg, 2012) . Grey area indicates permanent range. Numbers indicate locations sampled in this study (see Table 1 ).
spanning most of the species range in the United States (Table 1 , Fig. 1 ). In 2014, I conducted a broad survey, collecting butterflies from locations in Arizona (AZ), Indiana (IN), West Virginia (WV), Virginia (VA), North Carolina (NC) and Georgia (GA; Table 1 ). In 2015, I focused on a subset of sites, collecting only from the AZ and VA sites, but also obtained butterflies from an additional site in Texas (TX). Locations within 15 km of each other were considered as the same site for analysis. Wild females have nearly always mated, so no males needed to be collected.
Rearing conditions
After adult females were captured, they were mailed overnight, chilled, to the laboratory in Tucson, Arizona. The females were given the opportunity to lay eggs individually, and these eggs were then placed at 30°C. Within 24 h of hatching, caterpillars from each family were divided among plastic cup cages for each developmental temperature to be tested. These cages consisted of a 265-mL clear plastic cup nested inside a 475-mL cup. The larger cup was filled with water, and a hole drilled in the smaller cup allowed a leaf of the host to be inserted into the water and thus remain fresh for multiple days. The top was then covered with mesh to prevent escape of caterpillars. Cups were placed in incubators held at a constant experimental temperature with a 12/12-h light-dark cycle. Caterpillars were fed Aristolochia fimbriata, with new food provided twice a day as needed. Initial density of larvae varied from 2 to 20 per cup depending on clutch size; however, upon reaching the 3rd instar, this was reduced to 10 or fewer.
Thermoregulatory behaviour
In 2014, I compared thermal-refuge-seeking behaviour of the first-generation descendants from females caught in WV, VA, NC, IN, GA and AZ. I tested caterpillars raised at 30°C, testing one arbitrarily selected, fourthinstar individual per family.
To assess thermal-refuge-seeking behaviour, I used a set up similar to one previous studies had used (Nielsen & Papaj, 2015) . I placed a 28 cm by 18 cm aluminium pan filled with 20-25 mm of dry sand onto a hot plate. An A. fimbriata leaf was laid flat on the sand in the centre of the pan. Immediately adjacent to the leaf, a 6 mm-diameter, 30 cm-long wooden dowel was inserted into the sand to provide a thermal refuge.
At the beginning of the trial, I placed the caterpillar in the centre of the A. fimbriata leaf and allowed it to settle down and stop moving. If the caterpillar left the leaf during this time, it was not tested further because this typically indicated movement for other reasons (primarily seeking a nonhost substrate on which to moult), and another caterpillar from the same family was selected for testing instead. After a caterpillar stopped moving (usually within 10 min), the hot plate was turned on to warm the sand. A trial ended when the caterpillar either crawled completely onto the wooden dowel or died. Ultimately, 95 caterpillars successfully completed the experiment, whereas five additional individuals moved to the sand instead of the refuge, and were thus excluded from analysis. During the experiment, I used a thermal imaging camera (FLIR T-300) to record the temperature of the caterpillar each time it started moving until it was fully on the refuge. Specifically, I used the last image taken before the caterpillar reached the refuge as an estimate of the onset of refuge-seeking behaviour. I also recorded whether the caterpillar ate any of the leaf.
To analyse caterpillar temperature, thermal images were first converted to greyscale using FLIR Quick Report (v1.2). Next, I estimated mean caterpillar surface temperature as precisely as possible by freehand selection of all but the edges of the caterpillar in ImageJ (v1.45s). This measurement was made twice, by different individuals, whose measurements were averaged to ensure consistency. The mean absolute difference between the two measurements was only 0.14°C, and these measurements were averaged to ensure consistency. I created two separate linear mixed models to test for changes among populations in the body temperature at which refuge seeking began. One used mean annual high temperature (estimated from nearby NWS data; see Table 1 and Table S1 ) as a quantitative fixed effect. The other divided the sites into Appalachian sites (WV, VA, NC, GA Chattahoochee NF; sites where Aristolochia macrophylla is a primary host plant) and non-Appalachian sites (AZ, IN, GA Silver Lake WMA; sites where other, shorter hosts are used) as a binary fixed effect. I included whether the caterpillar ate any of the leaf during the trial as a binary fixed effect in both models because this factor has been shown to influence the refuge-seeking temperature in previous studies (Nielsen & Papaj, 2015) . The interaction between leaf-consumption and other variables was nonsignificant in all cases (P > 0.45) and thus excluded from the final analysis. Both analyses also incorporated site as a random effect. I fit these models using the lme4 package in R (v3.1.2), and I generated P-values by conducting likelihood ratio tests comparing models with and without each parameter. To account for the influence of several outliers on the results, I also used the robustlmm package in R to perform the same analysis with robust linear mixed models. Results were qualitatively similar, having slightly smaller effect sizes but slightly larger t-values. As such, I only report the results from the linear mixed models.
Colour change
In 2014, I conducted a broad survey to establish the presence/absence of colour change across the species range, using the same families tested for refuge-seeking behaviour above. In addition to 30°C, I also raised offspring from these families at 34°C and 38°C. These temperatures were selected based on the temperatures at which each colour occurred in earlier reports (Nice & Fordyce, 2006) . Upon reaching the fourth instar, the caterpillars in each cup were scored visually as either red or black. Qualitative differences in the shape of reflectance measurements made with a spectrophotometer (see below) corroborated this visual assessment, but inconsistency among measurements in the overall brightness of the spectrum prevented quantitative assessment of the data from 2014. Each family from each population was thus assessed as to whether it produced black body coloration at, relatively, low temperatures and red coloration at high temperatures.
In 2015, a more focused survey was conducted to compare detailed reaction norms for colour between populations. I collected butterflies from one southern and one northern population each from the previous survey, AZ and VA (near Mountain Lake Biological Station), respectively, as well as from a Texan population in the region where the colour change was originally described. For the first generation, caterpillars were raised to pupation at 34°C. Then, after allowing firstgeneration adults to mate within their population, we collected eggs laid by the females. This second generation consisted of descendants from 24 families for Arizona, 22 families for Texas and 19 families for Virginia. Testing a second generation of caterpillars allowed us to control for any potential effects of the parental environment on the reaction norm for colour change.
Upon hatching, second-generation caterpillars were distributed among incubators at 30, 34, 35, 36, 37, 38 and 40°C. Because separate lineages could not be tracked at this point, the offspring of the different families within a population were raised in a mixed group divided across multiple cups. When the caterpillars reached fourth instar, I measured the reflectance spectrum of 528 caterpillars in total: 19-37 caterpillars per population per treatment, with the exception of only measuring six individuals from Arizona at 35°C due to an incubator malfunction. Measurements were made using a spectrophotometer (Ocean Optics, USB-2000; DH-2000 light source, halogen only) and white standard (Labsphere, SRS-99-010) to quantitatively assess body colour, and the analysis focused on the range from 650 to 700 nm in which there was a clear difference between morphs. The probe was held at a 45°a ngle from the posterior of the caterpillar and centred on its back while avoiding the small orange spots. To prevent movement during measurement, caterpillars were placed in a tightly fitting cavity in a piece of foam and under a glass slide. The slide was also used when standardizing the spectrophotometer measurements. Two measurements were taken of each caterpillar and averaged for the final analysis. Because of regional differences in phenology, not all populations could be tested at the same time. To accommodate this, I monitored the temperature of each incubator using a pair of iButton thermochron temperature loggers (Maxim Integrated DS1921G-F5), which were averaged across the week during which I measured each caterpillar to estimate its actual developmental temperature. A small number of caterpillars (12 out of 528) had their reflectance measured during the fifth instar. Inclusion or exclusion of these caterpillars had no qualitative and minimal qualitative effect on results, so they were pooled with the others for analysis.
To analyse potential changes in the shape of the thermal reaction norm for colour, I used generalized nonlinear regression with the equation
where y is the response variable (mean per cent reflectance from 650 to 700 nm), x is the independent variable (developmental temperature), y 0 gives the minimum value of the response variable, a gives the potential range of the response variable, b represents a slope coefficient (i.e. how steeply colour changes with temperature), and c gives the value of the dependent variable at the inflection point. This equation has been used in previous studies of evolutionary changes in the shape of polyphenic reaction norms, particularly for changes in the threshold at which plastic changes occur (Moczek et al., 2002) . Statistical analyses were conducted using the nlme package in R. I created models for all potential combinations of population effects on each of the four model parameters and compared them based on their Akaike information criterion (AIC), retaining the model with the lowest AIC and all models within 2 AIC of it (DAIC ≤2).
Results
Thermoregulatory behaviour
All caterpillars from all populations demonstrated some degree of heat-avoidance behaviour during the behavioural trial, with 94 of 100 caterpillars moving to a refuge, and no more than two caterpillars in each population not doing so (either moving to the sand or dying). Caterpillars from the Appalachians, however, did seek refuges at 1.0 AE 0.45°C lower body temperature, a small but significant difference (v 2 1 = 4.86, P = 0.028). Similarly, caterpillars from sites with lower mean annual high temperatures also sought refuges at slightly, but significantly lower body temperatures (b = 0.145 AE 0.066, v 2 1 = 4.63, P = 0.031; Fig. 2 ). These two factors were, unsurprisingly, significantly related (t-test of unequal variances, n = 8, t 3.8 = 3.61, P = 0.025), with Appalachian populations experiencing 5.3°C lower annual high temperatures on average. In all analyses, caterpillars which ate some of the leaf during the trial began refuge seeking at significantly higher temperatures than those which did not (Region: b = 1.55 AE 0.46°C, v 2 1 = 10.64, P = 0.0011; temperature: b = 1.59 AE 0.47°C, v 2 1 = 10.94, P = 0.0009). In both analyses, site as a random factor explained virtually no variance (variance explained >0.001).
Body colour plasticity
All surveyed populations demonstrated plasticity of colour in all years; all fourth-instar caterpillars were visibly black at 30°C and some degree of red at 38°C. In 2015, when I raised caterpillars at a greater range of temperatures to determine their reaction norm, the nonlinear model used to estimate the reaction norm colour (measured as reflectance) to developmental temperature fit well overall (Fig. 3) . The model with the lowest AIC only allowed for an effect of population on a (the range of colours produced) (AIC = 2613.723, DAIC = 0.000); however, the model in which population did not affect any parameter had nearly as low a value (AIC = 2614.300, DAIC = 0.577; Table 2 ). All other models had DAIC > 2. Moreover, the estimated difference in a between populations was small (both Texas and Virginia had values of a within 1% reflectance of Arizona), and the model including this difference was not significantly better than one without an effect of a according to a likelihood ratio test Fig. 2 Slight change in temperature at start of refuge seeking with change in mean annual high temperature. Blue triangles represent caterpillars whose parents came from sites in the Appalachian Mountains, whereas red squares represent caterpillars with parents from other sites. Line represents prediction of refuge-seeking temperature by a linear mixed model using mean annual high temperature of the source population as a fixed effect (P = 0.031; see text for more detail). n = 95. Fig. 3 Absence of variation among populations in the reaction norm for colour change between 30 and 40°C. Colour was quantified as mean % reflectance between 650 and 700 nm. Red represents the Arizona population; orange, Texas; and blue Virginia. Points represent mean colour measurements for each population and temperature treatment combination with error bars for AE1 standard error. Line represents best fit by generalized nonlinear squares using the equation in the text and allowing all parameters except for b (steepness of slope) to vary by population; ultimately, no differences between lines were significant by likelihood ratio test (see text for more detail). n = 528.
(v 2 2 = 4.58, P = 0.101). Thus, overall differences among populations were minimal (Fig. 3) .
Discussion
My results indicate that the thermoregulatory plasticity of both colour and behaviour in Battus philenor has been retained across the species' range. Colour change in particular not only persists across this range but occurs at the same temperatures with nearly identical reaction norms despite being rarely, if ever, used, and not ecologically relevant in large parts of the range. The mean annual high temperature for the northern, Appalachian populations is from 2 to 5°C below the temperatures at which colour change begins (Table 1) , helping to explain why only black caterpillars have been observed in these regions and providing further evidence for the disuse of colour change in these regions. Although body temperatures of caterpillars typically exceed ambient air temperatures by about 5°C in sunny conditions, giving body coloration an important effect on temperature in the south-western USA (Nice & Fordyce, 2006; Nielsen & Papaj, 2017) , this elevation of body temperature and the associated effect of colour on body temperature should be minimal in the shaded forests that Appalachian populations primarily inhabit. Thus, I show that a plastic trait can persist unchanged in a population despite its lack of use or likely utility.
The widespread use of refuge-seeking behaviour in B. philenor is perhaps not surprising given that the same mechanisms underlying heat avoidance may also underlie basking or other cold-avoidance behaviours; however, my results do suggest some heritable divergence among populations in the threshold for refugeseeking behaviour. This difference was relatively small -about 1°C in magnitude, less than the variation explained by whether or not the caterpillar chose to eat during the trial -and associated with both the annual high temperatures at a site and geography, specifically differing between the Appalachian Mountains and other areas. As such, there are two potential explanations for the change in behaviour: direct selection on thermal tolerance due to variation in high temperatures experienced, or reduced costs of thermoregulatory behaviour in Appalachian forests. The primary Appalachian host plant, Aristolochia macrophylla, is a large treeclimbing vine, which should greatly reduce the need to leave the host to seek thermal refuges. This lower cost could in turn lead to the evolution of a lower threshold for the initiation of heat-avoidance behaviour. I cannot currently distinguish between these two hypotheses because of the strong correlation between temperature and geographic region in this study. Future research, however, could confirm the among population variation suggested here and investigate whether it is caused by adaptation to different climates or the lower cost of thermoregulatory behaviour on large host plants.
Regardless of whether it causes variation in the threshold for refuge-seeking, the reduced cost of thermoregulation on large host plants should further reduce the importance of colour change in the Appalachians, In Arizona populations, heat-avoidance behaviour alone is usually sufficient to survive high temperatures, and the primary benefit of colour change is to reduce the need to leave the host to seek a refuge (Nielsen & Papaj, 2017) ; however, if heat avoidance has little cost in Appalachian populations this benefit of colour change should be reduced. The idea that behavioural thermoregulation can shield other traits from temperature-related selection is well established, potentially reducing the need for genetic changes in those traits (Huey et al., 2003) . For example, in Sceloporus undulatus lizards, thermoregulatory behaviour shields physiological thermal tolerance from selection, preventing local adaptation of thermal tolerance except in locations where the behaviour's effectiveness is limited (Buckley et al., 2015) . In B. philenor caterpillars, the same effect should instead reduce the utility of plastic changes in other traits -colour in this case -which future research could test by comparing the temperatures that black and red caterpillars would have in different microclimates across the species range.
The persistence of colour change when unused suggests that the plasticity has minimal, if any, costs, particularly in terms of the maintenance costs paid even when the plasticity is not used. While multiple potential costs could be associated with colour change, they all either would only occur when colour change is used or would be associated with the phenotype itself rather than its plasticity, and thus, none of them would create selection against unused plasticity. For example, melanin, in addition to producing dark colours, is also used in the insect immune system (Strand & Pech, 1995) . As such, dark colours and immune response are linked in Table 2 Parameter estimates by generalized nonlinear regression for reaction norm of body colour (measured as mean % reflectance between 650 and 700 nm) as a function of developmental temperature, shown for the two models favoured by AIC (population has no effect on any parameter, and population only affects a). n = 528. *Modifying a, which is calculated for Arizona.
a variety of insects, but whether positively or negatively depends on species and context (Wilson et al., 2001; Armitage & Siva-Jothy, 2005; Cotter et al., 2008) . Regardless of the direction of the association in Battus philenor, most costs associated with melanin in the species would be costs of having one of the colour phenotypes, rather than having the plasticity itself, and thus not select for its loss. Because B. philenor caterpillars sequester toxic aristolochic acids from their host (Sime et al., 2000) , both colour morphs almost certainly serve an aposematic function. Although having multiple colour forms should slow avoidance learning by predators -the opposite of M€ ullerian mimicry in which individuals of different aposematic taxa benefit from looking similar by sharing the cost of learning (M€ uller, 1879; Kapan, 2001; Rowland et al., 2010 ) -this cost would only be paid in populations where both colour morphs are expressed. Another cost of colour change comes from the time lag required to change colour. As temperature changes on a daily basis, but B. philenor can only change colour when it moults, there is potential for a mismatch between colour and the thermal environment during this lag time. Lag times like this can be a substantial cost of plasticity (Padilla & Adolph, 1996; Aubret & Shine, 2010) , but again they are only paid when the plastic change occurs. None of these costs have been thoroughly documented in B. philenor, but even if they exist, they are all costs that would only create selection on plasticity that is used. The maintenance of colour change may also be mediated by two additional forces: gene flow and rare selection events; however, both factors are likely limited for B. philenor and insufficient to prevent local adaptation of colour change and refuge-seeking behaviour on their own. In terms of gene flow, mitochondrial DNA from B. philenor does not indicate any genetic structure across the species range; however, these results likely reflect deeper patterns on the scale of a few million years and before B. philenor reached its present range (Fordyce & Nice, 2003) . More detailed studies using nuclear DNA will be needed to understand the contemporary population genetic structure of B. philenor. Nevertheless, the Texas and Virginia populations of B. philenor, two of the same regions considered in my study, have diverged, likely adaptively, in initial host preference (Papaj, 1986) , and larvae in California are heritably and adaptively larger than those from Texas (Fordyce et al., 2010) . These other cases of local adaptation indicate that whatever patterns of gene flow exist in B. philenor have not been sufficient to prevent natural selection from creating local adaptation in other traits. Any substantial maintenance costs of colour plasticity would likely have done the same if they existed. In some of the studied northern populations, rare high temperatures might help maintain colour change by providing occasional selection for it; however, unescapable temperatures high enough to be lethal or otherwise reduce fitness should be extremely rare for most northern populations and would need to last multiple days for colour change to occur and help cope with them.
Ultimately, our work shows that thermoregulatory plasticity is not necessarily lost even within more stable environments where it is no longer used, and it can persist effectively unchanged. This finding has considerable relevance to the ongoing discussion of how plasticity can influence evolution. Plasticity's immediate effect on evolution by natural selection should depend on how close that plasticity brings the organism to its optimal phenotype and how plasticity changes variation in fitness (Price et al., 2003; Ghalambor et al. 2007; Paenke et al., 2007) . Over many generations, however, those effects will become less important, and instead, the influence of plasticity on evolution should depend more on other factors, particularly its costs, argued to be the primary factor driving the loss of plasticity through genetic assimilation (Pigliucci et al., 2006; Crispo, 2007; Lande, 2009) . It follows that in the alternate case where plasticity has relatively low costs -as appears to be the case for colour change in B. philenor -the replacement of adaptive plasticity by genetic adaptation to the altered conditions should be unlikely, and instead, the plasticity may prevent adaptation that would otherwise occur. In the absence of gene flow, inexpensive but unused plasticity may still be lost over extremely long time scales due to mutation accumulation or genetic drift (Pfennig et al., 2010; Snell-Rood et al., 2010) , but it will remain present on shorter timescales and is less likely to promote divergence itself.
Regardless of the long-term outcome of the evolution of plasticity, whether unused plasticity is currently present has important implications for a species' ecology, particularly its responses to anthropogenic environmental change. For thermoregulation, these unused plastic responses should be particularly relevant given predicted climate change. If a species encounters a hotter or more variable thermal environment in the future, as is predicted for many regions under climate change (Lobell et al., 2007; IPCC 2013) , having plasticity already present that can produce an appropriate response to those changes will be highly beneficial, even if that plasticity is currently unnecessary. It is difficult to tell how often thermoregulatory plasticity exists in populations which do not use it; however, populations of species which themselves show little phenotypic variation in the wild but have additional populations or sister species with known plasticity may be particularly likely to harbour unused plasticity. Regardless, colour plasticity in B. philenor provides at least one example that disuse will not always remove or alter plastic responses to temperature, and these unused responses could be quite important for both the evolution and ecology of species as they encounter altered or new environments.
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